Abstract−This paper presents a new approach for efficient utilization of building integrated photovoltaic (BIPV) systems under partial shading conditions in urban areas. The aim of this study is to find out the best electrical configuration by analyzing annual energy generation of the same BIPV system, in terms of nominal power, without changing physical locations of the PV modules in the PV arrays. For this purpose, the spatial structure of the PV system including the PV modules and the surrounding obstacles is taken into account on the basis of virtual reality environment. In this study, chimneys which are located on the residential roof-top area are considered to create the effect of shading over the PV array. The locations of PV modules are kept stationary, which is the main point of this paper, while comparing the performances of the configurations with the same surrounding obstacles that causes partial shading conditions. The same spatial structure with twelve distinct PV array configurations is considered. The same settling conditions on the roof-top area allow fair comparisons between PV array configurations.
Introduction
Physical placement of the photovoltaic (PV) modules on the planned installation surface is one of the major steps for efficient utilization of PV systems in building integrated photovoltaic (BIPV) applications. One of the most important advantages of PV modules is their modular structure, hence they can be simply adopted in existing buildings and can be installed anywhere [1] .
However, PV system performance is affected by several environmental and physical factors such as shading effects of the environmental obstacles, specifications of the PV array area, tilt and azimuth angles of the mounting surface [2] [3] [4] . The partial shading effect is one of the most important issues in terms of power reduction in BIPV systems. It is difficult to avoid partial shading effects along the year due to the neighboring obstacles around BIPV systems. Under partial shading conditions, the PV arrays present highly nonlinear power-voltage (P-V) curves depending on the irradiance values and the number of shaded PV modules. In this situation, the conventional maximum power point tracking (MPPT) methods cannot track the global maximum power point on the P-V curve. Therefore, there are a number of studies on development of advanced global MPPTs methods to reduce the power losses due to partial shading effects [5] [6] [7] [8] [9] .
On the other hand, another approach for reducing partial shading effect is to find out available installation areas where the PV modules are minimally affected by partial shading effect. In the literature, different techniques have been presented in order to estimate available area for the installation of PV modules [10, 11] . In these studies, software packages are used to find the nonshaded areas or minimum shaded areas during the day. Loulas et al. studied on the estimation of the potential PV systems on buildings by using Google Sketchup and PVsyst for detailed shading analysis in Greece [10] . Strzalka et al. worked on the 3D modeling of large city areas to estimate the PV energy generation by using Geographic Information System (GIS) in Germany [10] .
These studies focused on the estimation of the suitable area to avoid the shading effect in PV array due to the surrounding obstacles. However, it is not always feasible in BIPV systems because of the lack of spaces for installing the PV modules to a different place. Another approach to reduce the mismatch losses due to the shading effect is the using of different PV array configurations [12] [13] [14] . Rani et al. reconfigured the physical location of the PV modules in the PV array according to a Su Do Ku puzzle pattern to improve the performance of the system under partially shaded conditions without altering the electrical connection [14] . On the other hand, it is possible to change the global MPP on the P-V curve by different PV array configurations without changing the physical location of PV modules. In conventional series-parallel (SP) configuration, the MPPs usually move to the short circuit point on the P-V curve under partial shading conditions. Therefore, if the global MPP of P-V curve can be kept near the open circuit voltage by only changing the configuration type, the harvested energy from PV array can be increased by using a simple conventional MPPT method in a narrow voltage window [13] . Generally, PV modules are connected to each other by SP configuration. However, a new configuration called as the total cross tied (TCT) can be more advantageous than the SP configuration [12, 13] .
This study evaluates different electrical configuration types without changing the physical location of PV modules considering realistic partial shading conditions in BIPV systems. In this study, PV array is built up by 24 PV modules and electrical configurations of the PV array are designed as 2x12, 3x8, 4x6, 12x2, 8x3, and 6x4 for TCT and SP types. The locations of PV modules are kept stationary, which is the main point of this paper, while comparing the performances of the configurations with the same surrounding obstacles that causes partial shading conditions. The payback time analysis is also performed by comparing annual harvesting energies in different configurations of the PV arrays.
Methodology
The proposed methodology has three main phases. The first phase deals with the spatial behavior of the shadow on the PV array. This phase includes the identification of the shadow of surrounding obstacles, detection of the shadow on the PV module surfaces, and solar irradiance calculations. The partial shading analysis of fixed located PV array configurations presented in this work is based on the previous study [15] that presents the structure of trigonometric equations and procedures of the shadowing model for a PV array. When evaluating the performance of PV systems, solar irradiance data is required to determine the potential energy yield over the year. In this study, the solar irradiance values are taken from ASHRAE formulations [16] .
In the second phase, the electrical behavior of PV array is analyzed. The second phase consists of two stages: constructing equivalent circuit based model of PV arrays and assigning of solar irradiance values to the PV modules according to the shadow conditions. In this study, the model of BP 3125J PV module is used on virtual reality simulations. The PV module parameters are given in Table 1 . The module consists of 36 solar cells, and 18 cells are equipped with one bypass diode. Since each PV module has two bypass diodes, one PV module shows two PV module characteristics. The single PV module can be divided into two parts to reduce the computational efforts and each part behaves as a single module [17] . It allows that two one-diode equivalent circuit models are enough to represent the behavior of a single PV module characteristic. The model of a PV module is given in Fig. 1 . Each bypass diode part of a PV module is named by the left side and right side as shown in Fig. 1 . [17, 18] . Karatepe et al. [17] present an analysis method to reflect the mismatch effects as well as solar cell based analysis without increasing computational time, in a simple manner and with sufficient degree of precision. In this study, PV array consists of 24 PV modules and each module has two bypass diodes to avoid from hot spot effect of partial shading.
In the third phase, the harvested energy is calculated at local and global MPPs in order to determine payback time of different PV array configurations. In this phase, the performance analyses of the different electrical configurations are compared by payback time under the same partial shading conditions. In addition, the MPP is also observed under uniform irradiance condition for comparison purposes by removing the surrounding obstacles that cause partial shading conditions. 
Shadowing Model
The PV modules can be shaded due to the different reasons through the year. However, all reasons are not schedulable by using deterministic methods, such as cloud passing, dust or bird dropping. On the other hand, the effect of surrounding obstacles around the PV array can be observed and analyzed by suitable virtual reality simulations. In this study, two chimneys are considered for partial shading observations on the PV array which are placed on the rooftop of a building. The installations of PV modules and two chimneys are represented in Fig. 2 . Shadowing model involves complex trigonometric equations which are based on the 3D imagination of the sun moving and geometric structures [19] . The geometric information of the PV modules and obstacles is necessary for virtual reality simulations. Besides that solar angles which represent the movement of the sun are needed to study in the virtual reality world [19] .
The illustration of shadowing process is depicted in Fig. 3 .
Fig. 3. BIPV system shading method
The shadowing calculations are performed based on the previous study [15] that presents the structure of trigonometric equations and procedures of the shadowing model for a PV array. The methodology is summarized in Fig. 4 . The process is based on the time of the day and the geographic location of the examined area (latitude angle). Shadow lengths are determined by using obstacle lengths and the solar angles which are determined by the time and latitude angle.
After calculation of the shadow lengths, shaded PV modules are determined by the comparison of the PV module location and shadow location on the surface of PV modules. If shadow points are observed between the edges of the PV modules, then "PV module is shadowed" decision is assigned. The same process is repeated for all PV modules in the field and then the electrical characteristics of PV array configurations are observed [15] . The physical variables for calculation of the shadows are given in Table 2 in this study. 
SP and TCT Configurations
In this section, the basic electrical behaviors of SP and TCT configurations are presented. The SP and TCT configuration types are represented in Fig. 5 for 2x2 PV array. Table 3 .
Table 3
The current and power at the global MPP for 2x2 SP and TCT configurations The value of the current L1 is the tie line current in TCT configuration. In the SP configuration, the irradiance differences on the PV modules force the current flow through bypass diodes.
However, L1 line in TCT configuration offers an alternative path for the current flow. In 
Energy Yield and Payback Time
In this section, the performance analyses of the different electrical configurations are compared by payback time under the same partial shading conditions. First, the harvested energies are given in Fig. 7 for the locations of the PV modules and chimneys which are given in Fig. 2 . Furthermore, the harvested global energy is determined by a global MPPT technique which is able to track the global MPP successfully on the P-V curve under partial shading conditions. Thus, the ρ 1 and ρ 2 payback times can also be used to evaluate the field quality when using a conventional or global MPPT techniques. Moreover, this approach can be used when comparing the performances of novel MPPT techniques. Results show that there is a significant difference between configuration types. In the next section, the results will be analyzed in detail.
Simulation Results

Some interesting results have been observed on the harvested energies of different configurations
without changing the physical location of PV modules. The partial shading conditions cause nonlinear characteristics on the P-V curves of PV arrays. The general expectation is that the number of series connected PV modules should be as minimum as possible to reduce the partial shading effects. However, this expectation is observed only in the SP local energy in this study.
While 12x2 SP local energy is the worst case, 2x12 SP local energy is the best case as expected when considering local energies. On the other hand, when global energy is considered the connection of 12x2 SP is the best case among SP configurations. Moreover, TCT configurations show positive impacts on reducing the power losses due to the partial shading conditions according to the local energies. TCT configurations generated more energy than SP configurations except in a particular case of global energy in 12x2 connection. However, it cannot be generalized because it is strongly dependent on partial shading patterns. For this reason, environmental obstacles should be included in the analysis of PV arrays for any BIPV system. The configuration types show different characteristics even if they have the same shading pattern. Therefore, a more detail observation is necessary to understand the reasons of these results.
Shading Pattern and Power Values on 6th April
In this section, one day shading pattern is investigated to reveal the differences between configuration types. The P-V curves of SP and TCT arrays are presented for 6 th April at 11:00 in Fig. 8 . The shaded PV module parts are presented in Table 5 However, in 6x4, there is a significant difference between local and global MPPs for both
configurations. While the TCT shows better performance by 208 W when considering local MPP, the SP is surprisingly better than TCT connection when considering global MPP, with a 108 W power difference. In 8x3, the SP and TCT curves can be distinguished clearly. In this connection, the SP configuration fails in catching global MPP with the P&O MPPT because the global MPP of SP configuration is closer to the short circuit current point. On the other hand, the P&O MPPT can catch the global MPP in the TCT configuration. However, when global MPP is considered in 6x4, the SP configuration shows better performance. Surprisingly, 12x2-SP configuration shows better performance than the TCT configuration too when taking into account of global MPP.
Therefore, the current flows in the arrays will be observed in the next section to understand the impact of the same partial shading conditions on the electrical configurations.
Current based analysis
This section presents the current flows in the lines for SP and TCT configurations in 6x4 and 8x3
PV array connections under the same irradiance conditions (on 6 th April at 11:00). In Figs In Table 6 , the output string currents of the SP configuration are given for 6x4 and 8x3
connections. LP and GP represent the current values at local and global MPPs on the P-V curve, respectively. In the same string, the current of all PV modules are the same in SP configurations because of the Kirchhoff current law. In Tables 7 and 8 , the output currents of the PV modules and tie line currents are given for TCT configurations. In 8x3 TCT configuration, the currents at local and global MPPs are the same. Table 8  Link current values of 6x4 and 8x3 TCT configurations   L1  L2  L3 L4  L5  L6  L7 L8 L9 L10 L11 L12 L13 L14   6x4 
Discussion
Small scale PV systems have rapidly increased in urban areas over the past decade. In urban areas, a large amount of empty rooftop spaces are ideal locations for PV modules. However, shadows of neighboring objects significantly cause to decrease performance of the PV system.
The impact of shadow changes due to the movement of the sun. In this study, chimneys which are located on the residential roof-top area are considered to create the effect of shading over the PV array. The locations of PV modules are kept stationary, which is the main point of this paper, while comparing the performances of the different electrical configurations with the same surrounding obstacles that causes partial shading conditions. The purpose of this study is to investigate the potential for improving the long-term efficiency of PV arrays by finding out the best electrical configuration under the partially shaded conditions by analyzing annual energy generation of the same BIPV system, in terms of nominal power, without changing physical locations of the PV modules in the PV arrays. For this purpose, the spatial structure of the PV system including the PV modules and the surrounding obstacles is taken into account on the basis of virtual reality environment. On the other hand, utility poles, trees, other buildings, and other parts of the same building may also cause shadows on the PV modules in urban areas. In addition to that, PV systems are not only installed on the rooftop of the buildings, but also all surfaces of the high rise buildings [21] . So, the PV modules can be shaded by different type of objects.
Depending on the building rotation and structure, tilt and azimuth angles of PV modules are important parameters for PV systems. As a result, geometric details of the rooftop and surrounding obstacles affect calculation of the shadows on the PV arrays [22] . Because of different installation parameters, annually energy output of the PV arrays will be different [23] .
In the present study, results show that it is possible to improve the long-term performance of the partially shaded PV array by considering different electrical connections of PV array. It is worth noting that advanced and detailed simulation analysis will be more important to estimate the harvested energy from PV arrays in urban areas. This kind of analysis must be applied before mounting the PV modules on the buildings considering surrounding shadow factors.
Conclusions
In this paper, different electrical connected PV arrays are analyzed under realistic partial shading 
